1. Introduction {#sec1-diagnostics-10-00126}
===============

Prostate cancer is an important public health problem, particularly in Western countries with trends towards increase in aging population \[[@B1-diagnostics-10-00126],[@B2-diagnostics-10-00126]\]. The etiology and the risk factors of prostate malignancy is not well understood, however, certain risk factors are frequently associated to its development. Non-modifiable risk factors include age, race/ethnicity, genetic factors, and family history \[[@B3-diagnostics-10-00126],[@B4-diagnostics-10-00126]\], whereas environmental factors, diet, and lifestyle are some modifiable risk factors for prostate cancer \[[@B5-diagnostics-10-00126],[@B6-diagnostics-10-00126]\].

Reports suggest that prostate cancer is frequently related with a shift in the oxidant/antioxidant balance resulting in increased oxidative stress \[[@B7-diagnostics-10-00126],[@B8-diagnostics-10-00126]\]. Accumulating evidence suggest that intracellular production of deleterious molecules of oxidative damage plays a critical role in aging and age-related diseases such as prostate cancer \[[@B9-diagnostics-10-00126],[@B10-diagnostics-10-00126]\]. Reactive oxygen species (ROS), such as hydroxyl radicals, superoxide anion and hydrogen peroxides are capable of inducing lipid peroxidation and genomic DNA damage altering the activity of sulfhydryl (SH)-dependent enzymes \[[@B11-diagnostics-10-00126]\]. Reports suggest age-related molecular changes in the prostate as a result of oxidative DNA damage induced by hydroxyl radicals. Progressive age-related DNA damage and higher accumulation of 8-oxo-2′-deoxyguanosine (8-OHdG) has been markedly increased in clinical specimens of prostate cancer, compared to benign tissue \[[@B12-diagnostics-10-00126],[@B13-diagnostics-10-00126]\]. We have previously demonstrated that chronic inflammation causes premalignant and malignant changes in the prostate as a result of increased oxidative stress, ROS generation, and DNA damage along with alteration in antioxidant enzyme activity \[[@B14-diagnostics-10-00126],[@B15-diagnostics-10-00126]\].

The cellular antioxidant system that controls ROS production includes enzymes such as glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), and catalase (CAT), which reduce hydroperoxides while oxidizing cellular glutathione \[[@B16-diagnostics-10-00126],[@B17-diagnostics-10-00126]\]. The oxidized glutathione (GSSG) is recycled to GSH by glutathione reductase (GSH-R) utilizing NADPH to reduce GSSG. NADPH is regenerated by glucose-6-phosphate dehydrogenase (G6PDH) in the hexose monophosphate shunt. In addition, glutathione S-transferase (GST), a set of isozymes, catalyzes intracellular detoxification reactions by conjugating glutathione with ROS, resulting in the generation of less toxic products \[[@B18-diagnostics-10-00126],[@B19-diagnostics-10-00126]\]. We have shown that the GST isozyme, GST-pi, protects against oxidative DNA damage to prostate epithelial cells. Loss of GST-pi is an early event demonstrated in prostate cancer \[[@B19-diagnostics-10-00126],[@B20-diagnostics-10-00126]\].

The relationship of oxidative stress to the development of cancer has been a subject of frequent discussion, with a few studies reporting altered pro-oxidant--antioxidant status in clinical prostate cancer specimens, rodent models, and prostate cell lines \[[@B9-diagnostics-10-00126],[@B10-diagnostics-10-00126],[@B11-diagnostics-10-00126]\]. However, the data regarding the antioxidant status, lipid peroxidation, and DNA damage and their correlation in plasma/serum specimens in subjects with high-risk for prostate cancer has not been elucidated. In this study, we investigate whether antioxidant enzyme activity, lipid peroxidation, and oxidative DNA damage may be developed as a biomarker to identify men who are at a higher risk of developing prostate cancer.

2. Materials and Methods {#sec2-diagnostics-10-00126}
========================

2.1. Study Subjects {#sec2dot1-diagnostics-10-00126}
-------------------

A total of 40 men were included in the study in the age range of 52--84 years without any prior drug or treatment involvement. Patients were recruited from the Urology clinic of the University Hospitals Cleveland Medical Center between January 2008 and May 2011. Twenty subjects were selected who were diagnosed having precursor high-grade intraepithelial neoplasia (HGPIN) lesions confirmed by needle biopsy and serum PSA \> 4.0 ng/mL and abnormality observed in the prostate during digital rectal exam or transrectal ultrasonography. 20 age-matched men within the same age group designated as controls were recruited in the study having serum PSA \< 4 ng/mL, normal digital rectal exam without urinary symptoms and diagnosis of benign prostatic hyperplasia (BPH) or prostatitis. Detailed information such as demographic, disease history, and family history of cancer was documented. Specific exclusion criteria considered for the present study were those having a history of cerebrovascular or ischemic heart diseases, chronic obstructive pulmonary disease, psoriasis, pelvic inflammatory disease, multiple sclerosis, severe arthritis, lupus, Hashimoto thyroiditis, inflammatory bowel disease, renal insufficiency, and diabetes mellitus. The participants were not allowed to take non-steroidal anti-inflammatory medications, antioxidant, or vitamin supplements and consume alcohol, at the time of the study. Written informed consent was acquired from all participants in the study before the collection of blood specimens. The study was approved on August 28, 2008 by the Institutional Review Board of Case Comprehensive Cancer Center (CASE11807) and clinicaltrials.gov identifier NCT00898274.

2.2. Sample Preparation. {#sec2dot2-diagnostics-10-00126}
------------------------

Patients were first required to fast overnight, followed by blood samples drawn from the antecubital vein in EDTA glass tubes. These samples were centrifuged for 10 min at 4000× *g* at 4 °C. Plasma and buffy coats were removed. The remaining erythrocyte pellet was washed with isotonic saline and lysed with cold distilled water (1:4). Following lysis, the samples were stored in a 4 °C refrigerator for 15 min. Cell debris was removed by centrifugation (2000× *g* for 10 min). Plasma samples and erythrocyte fraction were stored at −80 °C until assayed. We performed all antioxidant and oxidants profiling using assay kits and the patients' samples were repeated twice in triplicates. All biochemical assays were performed as mentioned in manufacturer's protocol.

2.3. Lipid Hydroperoxide Assay {#sec2dot3-diagnostics-10-00126}
------------------------------

Lipid hydroperoxides were measured spectrophotometrically in the plasma using Lipid Hydroperoxide (LPO) Assay Kit (Cat\# 705002) from Cayman Chemical Company (Ann Arbor, MI, USA), which directly utilizes the redox reactions with ferrous ions. Chloroform extraction was performed to extract lipid hydroperoxides and this extract was directly used to determine LPO levels.

2.4. DNA Damage Assay {#sec2dot4-diagnostics-10-00126}
---------------------

To quantify 8-OHdG levels using the ELISA assay, DNA isolated from the buffy coat was first processed to single stranded DNA using OxiSelect™ Oxidative DNA damage ELISA kit, Cell Biolabs, Inc. (San Diego, CA, USA) as per vendor's instructions. The 8-OHdG standard curve was then used to determine 8-OHdG levels in the specimen by comparing its absorbance.

2.5. Glutathione Pathway Assays {#sec2dot5-diagnostics-10-00126}
-------------------------------

Assay kits for determination of glutathione concentration (Cat\# 703302) from erythrocytes, and the plasma activities of glutathione peroxidase (GSH-Px) (Cat\# 703102), glutathione S-transferase (GST) (Cat\# 703302) and glutathione reductase (GR) (Cat\# 703202) purchased from Cayman Chemical (Ann Arbor, MI) were performed according to manufacturer's protocol using appropriate standards.

2.6. Catalase Activity Assay {#sec2dot6-diagnostics-10-00126}
----------------------------

Catalase enzyme is involved in the detoxification of hydrogen peroxide and was measured in the plasma from control and high-risk subjects using Catalase assay kit (Cat\# 707002) from Cayman Chemical, Ann Arbor, MI, USA. The formaldehyde produced during catalytic reaction was spectrophotometrically measured with 4-amino-3-hydrazino-5-mercapto-1, 2, 4-triazole (Purpald) as the chromogen.

2.7. Superoxide Dismutase Activity Assay {#sec2dot7-diagnostics-10-00126}
----------------------------------------

Superoxide dismutase activity was measured in the plasma from control and high-risk subjects using Superoxide Dismutase assay kit (Cat\# 706002) from Cayman Chemical (Ann Arbor, MI, USA), which quantifies the activities of all three types of Cu/Zn-, Mn-, and Fe-SOD measuring the dismutation of superoxide radicals generated by xanthine oxidase and hypoxanthine.

2.8. Prostate Specific Antigen Assay {#sec2dot8-diagnostics-10-00126}
------------------------------------

PSA was assayed from the serum using PSA ELISA kit (Cat\# 07BC-1019) from MP Biomedicals (Irvine, CA, USA) following vendor's instruction.

2.9. Statistical Analysis {#sec2dot9-diagnostics-10-00126}
-------------------------

Data was summarized as the mean, standard deviation (std. dev.), as well as a box plot. The difference of antioxidant enzyme activities and DNA/lipid damage between healthy controls and high-risk patients was examined using a *t*-test. The association between any two continuous parameters was estimated using Pearson correlation coefficient and illustrated using a scatter plot. All tests were two-tailed and a *p*-value less than 0.05 was considered to be statistically significant.

3. Results {#sec3-diagnostics-10-00126}
==========

The serum PSA profile of control and high-risk subjects are summarized in [Supplemental Table S1](#app1-diagnostics-10-00126){ref-type="app"}. Serum PSA levels in control subjects (*n* = 20) ranged from 0.84 to 6.34 ng/mL; average 2.598 ± 1.53 ng/mL. In high-risk group (*n* = 20) serum PSA ranged from 7.32 to 34.44 ng/mL; average 17.315 ± 7.03 ng/mL. Serum PSA levels were significantly higher (*p* \< 0.0001) in high-risk subjects, compared to the control group.

In next set of experiments, 8-hydroxydeoxyguanosine (8-OHdG) levels in the DNA isolated from the buffy coat and plasma levels of lipid peroxide products from control and high-risk subjects were measured. Data obtained after analysis was represented as the mean, standard error, and a box plot. Levels of 8-OHdG, an oxidized nucleoside of DNA, were significantly increased (*p* \< 0.0001) in high-risk subjects versus the control group ([Figure 1](#diagnostics-10-00126-f001){ref-type="fig"}A). A modest increase with no significant difference in the levels of lipid peroxide products was observed between the groups ([Figure 1](#diagnostics-10-00126-f001){ref-type="fig"}B).

Next reduced glutathione (GSH) levels in erythrocytes and plasma GST activity were measured in the samples obtained from control and high-risk subjects. GSH levels were higher (*p* \< 0.002) in the control subjects, compared to the high-risk group ([Figure 2](#diagnostics-10-00126-f002){ref-type="fig"}A). Similarly, plasma GST levels were significantly higher (*p* \< 0.0001) in the control group versus high-risk subjects ([Figure 2](#diagnostics-10-00126-f002){ref-type="fig"}B).

Thereafter the plasma levels of catalase (CAT), glutathione peroxidase (GSH-Px), glutathione reductase (GSH-R), and superoxide dismutase (SOD) were analyzed. No significant difference in the levels of CAT (*p* = 0.237), GSH-Px (*p* = 0.74), GSH-R (*p* = 0.344), and SOD (*p* = 0.109) activity were noted in high-risk subjects, compared to healthy controls ([Figure 3](#diagnostics-10-00126-f003){ref-type="fig"}A--D).

Next an association between oxidative DNA damage and antioxidant enzymes; 8-OHdG and PSA levels were determined using the Pearson correlation coefficient. A significant positive correlation between 8-OHdG and PSA (r = 0.57 (*p* = 0.002)) was observed; whereas negative correlation between the association of 8-OHdG and GSH (r = −0.39 (*p* = 0.038)), and 8-OHdG and GST (r= −0.62 (*p* = 0.0004)) was noted between the groups ([Figure 4](#diagnostics-10-00126-f004){ref-type="fig"}A--C).

In addition, a negative association between GSH-Px and CAT activity (r= −0.33 (*p* = 0.04)) and GST and PSA (r = −0.69 (*p* \< 0.0001)) was noted between the groups ([Figure 5](#diagnostics-10-00126-f005){ref-type="fig"}A,B).

4. Discussion {#sec4-diagnostics-10-00126}
=============

Oxidative stress and accumulated DNA damage increases the risk of prostate cancer \[[@B21-diagnostics-10-00126]\]. The present data outline that chronic inflammation mediated ROS production might play an important role in causing DNA damage leading to neoplastic transformation in prostate epithelial cells. Our previous prospective 5-year study looking at needle biopsy specimens established a correlation between intraprostatic inflammation leading to neoplastic changes in prostatic tissue \[[@B14-diagnostics-10-00126],[@B15-diagnostics-10-00126]\]. The results in this study demonstrated a marked increase in DNA damage product 8-OHdG (*p* \< 0.0001), insignificantly increased levels of oxidized lipid products (*p* = 0.129), SOD (*p* = 0.109), GSH-Rx (*p* = 0.74), and GSH-Px (*p* = 0.74); significant downregulation in reduced glutathione (GSH; *p* \< 0.002) and glutathione s-transferase (*p* \< 0.0001); whereas an insignificant decrease in CAT activity (*p* = 0.237) in the plasma of high-risk subjects occurred compared to healthy controls.

8-OHdG is the most commonly used biomarker to measure oxidative DNA damage \[[@B12-diagnostics-10-00126],[@B22-diagnostics-10-00126]\]. Studies have shown that 42% of men aged 55--80 years exhibit prostate DNA damage assessed by 8-OHdG levels \[[@B13-diagnostics-10-00126],[@B23-diagnostics-10-00126]\]. Whereas previous published literature on 8-OHdG have examined tissue and urinary levels of this adduct \[[@B13-diagnostics-10-00126],[@B23-diagnostics-10-00126]\], studies using leukocytes from blood samples have been limited. To our knowledge, this is a unique study assessing the levels of oxidative DNA damage, 8-OHdG from the blood of healthy and high-risk subjects for prostate cancer. A significant association between PSA levels and 8-OHdG was noted in the high-risk group. We could suggest that plasma 8-OHdG levels might be a significant biomarker of oxidative damage in high-risk subjects and prostate cancer patients.

Among non-protein thiols, GSH plays a key role in maintaining the intracellular antioxidant defense by scavenging ROS and regenerating other antioxidant molecules \[[@B24-diagnostics-10-00126]\]. In the cytoplasm, micromolar concentrations of reduced GSH efficiently dissociate hydrogen peroxide. This process results in the increase in the level of oxidized GSH (GSSG), which is converted back to GSH by GSH-R in an NADPH-dependent redox cycle, to maintain sufficient intracellular GSH levels. Our study demonstrated a significant decrease in the levels of reduced GSH in high-risk subjects compared to healthy controls. These findings are in disagreement with another study that showed increased antioxidant defense during prostate cancer progression and increase in GSH in cancer cells \[[@B17-diagnostics-10-00126]\]. There was also a significant negative association noted between GSH and 8-OHdG (r = −0.39). The possible explanation for this is that cellular ROS generation might serve as a switch where non-protein thiols are downregulated in neoplastic transformation and increases as a compensatory mechanism in cancer.

Lipid peroxidation is a free radical reaction that involves oxidative conversion of polyunsaturated fatty acids to malondialdehyde (MDA) or other lipid hydroperoxide products such as 4-hydroxy-2-nonenal (4HNE), 4-oxo-2-nonenal and acrolein \[[@B25-diagnostics-10-00126],[@B26-diagnostics-10-00126]\]. MDA remains the most mutagenic molecule, whereas 4HNE appears to be the most toxic byproduct of lipid peroxidation. These peroxidation products conjugate with intracellular GSH and GST facilitating their detoxification \[[@B27-diagnostics-10-00126]\]. In the present study, lipid hydroperoxide content was increased although insignificantly in high-risk subjects, compared to healthy controls. These results, in part, are in accordance with previous studies confirming an increase in lipid peroxidation in prostate cancer compared to benign tissue \[[@B28-diagnostics-10-00126],[@B29-diagnostics-10-00126]\]. This is plausible as alteration in lipid peroxidation might trigger changes in cellular antioxidant defense system, in particular glutathione metabolizing enzymes during cancer progression. Our results demonstrated a modest increase in lipid peroxide products, which may be due to either lower production of lipid peroxidation molecules in high-risk subjects or sensitivity of the assay, however their levels have been demonstrated to significantly increase in prostate cancer patients \[[@B7-diagnostics-10-00126],[@B10-diagnostics-10-00126]\].

Direct elimination of ROS is mediated by SOD, GSH-Px, and CAT, which are considered as primary antioxidant caretaker enzymes \[[@B16-diagnostics-10-00126],[@B17-diagnostics-10-00126]\]. These enzymes protect cells against deleterious effect of ROS produced during normal metabolism and during oxidative stress. SOD catalyzes the dismutation of superoxide radical to form H~2~O~2~. The H~2~O~2~ generated is disintegrated to water molecules by CAT or GSH-Px. During GSH-Px catalyzed decomposition of H~2~O~2~, the GSH is converted to GSSG, which is then recycled to GSH by GSH-R. In addition, GST utilizes GSH as a cofactor for the detoxification of organic hydroperoxides and other electrophiles derived as by-products from lipid peroxidation. Our results revealed that CAT activity was modestly decreased in high-risk subjects, compared to healthy controls. These results were in agreement with other findings showing lower CAT and GSH-Px activity in prostate cancer, compared to benign tissue. A significant negative association was noted between CAT and GSH-Px activity in our present study. Bostwick et al. (2000) reported a decrease in CAT expression in prostate cancer implicating oxidative DNA damage \[[@B9-diagnostics-10-00126]\]. We observed modestly higher SOD activity in high-risk subjects. Studies suggest higher SOD levels without compensatory increase in CAT has deleterious cellular effects \[[@B30-diagnostics-10-00126]\]. This imbalance could be due to persistent low-grade inflammation, which might lead to a subsequent increase in SOD levels. A study by Blum and Fridovich (1985) demonstrates that loss of GSH-Px activity is observed in oxidative stress conditions induced by superoxide anions, and toxic molecules are generated during lipid peroxidation \[[@B31-diagnostics-10-00126]\]. This implicates a high production of superoxide radical generated during cancer can inactivate CAT and GSH-Px and may be a probable reason for the decrease activity of these enzymes in prostate carcinogenesis.

The non-protein thiol GSH, and GSH-R maintains an optimum cellular redox potential through the inactivation of H~2~O~2~. Studies have demonstrated the contribution of GSH and GSH-R in cellular protection against ROS in prostate cancer cells \[[@B32-diagnostics-10-00126],[@B33-diagnostics-10-00126]\]. Kumar et al. (2008) have reported an increase in GSH-R and inhibition of GSH activities in the human prostate cancer cell lines PC3, LNCaP, and DU145, when compared with primary cell cultures of benign and malignant human prostatic tissue \[[@B34-diagnostics-10-00126]\]. In the present study, a marked decrease in GSH and insignificant increase in GSH-R was noted in high-risk subjects, compared to healthy controls. Thus, GSH and GSH-R might contribute to protection against ROS.

Reports suggest that GSTs possess a caretaker function, protecting cells against damage induced by electrophiles and free radicals \[[@B35-diagnostics-10-00126]\]. Loss of GST has been shown to increase the inflammatory response in various tissues as a result of infiltration of immune cells \[[@B36-diagnostics-10-00126],[@B37-diagnostics-10-00126]\]. Others and we have previously demonstrated that GST elicits protection against oxidative DNA damage and stress in human prostate epithelial cells \[[@B18-diagnostics-10-00126],[@B20-diagnostics-10-00126]\]. The present data confirm the previous results in demonstrating a significant decrease in plasma GST activity in high-risk subjects, compared to healthy individuals. Loss of GST, especially the GST-pi class has been shown in prostate epithelial cells during the early stages of neoplastic development and cancer \[[@B19-diagnostics-10-00126],[@B38-diagnostics-10-00126]\]. Considering GST-pi as an antioxidant enzyme, its loss initiated by epigenetic/genetic alterations could lead to tissue damage and promote carcinogenesis \[[@B18-diagnostics-10-00126],[@B19-diagnostics-10-00126],[@B35-diagnostics-10-00126],[@B36-diagnostics-10-00126],[@B37-diagnostics-10-00126]\]. This hypothesis is strongly supported by our present findings. Firstly, significant low GST activity observed in the plasma of high-risk subjects, which can be attributed to the depletion of the antioxidant defense system and overwhelming production of free radicals. Secondly, a strong negative association between GST and PSA (r = −0.69 (*p* \< 0.0001)) and higher levels of 8-OHdG and lipid peroxidation products in the blood of high-risk subjects facilitating disease progression. The circulating antioxidant defense enzymes might be depleted in an attempt to counterbalance oxidative stress that occurs during aging and might also play a role in prostate carcinogenesis.

In this study, we utilized standard ELISA assays to measure changes in various antioxidant enzyme molecules and oxidative DNA damage products in the blood samples. Measurement of antioxidant protein by their activity provides more specific diagnostic information in the plasma, with consistent and reproducible results, that can be duplicated in other laboratories. While this study has the limitation of the restricted sample size, additional studies with large sample sizes are necessary to confirm the precise association between oxidative stress and prostate cancer. Further studies are required to determine whether diagnostic biomarkers of prostate cancer can be developed using oxidative stress-related parameters.

5. Conclusions {#sec5-diagnostics-10-00126}
==============

In conclusion, the present study demonstrated that increased levels of oxidative damage and changes in the antioxidant defense system in high-risk subjects might have a possible link between oxidative stress and prostate cancer. The results of this study could be useful in risk stratification and in devising nomograms for early prevention and treatment of prostate cancer.
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